We describe the optical and mechanical design, construction philosophy, and testing of a pair of matched, spaceflight-qualified fiber couplers. The couplers were developed for the LISA Pathfinder mission but are relevant for other applications-both on ground and in space-where a robust fiber coupler with well-controlled beam parameters and stable beam pointing is required. This particular implementation of the design called for two couplers providing collimated beams with individual waist sizes and positions. The target values were a 522 μm waist 145 mm after the collimating lens for one coupler and a virtual 520 μm waist 194 mm before the collimating lens for the second coupler. Values of 542 4 μm at 142 19 mm and 500 8 μm at −275 8 mm were achieved, fully meeting the mission requirements. To control spurious noise effects in the interferometer, the optical system design also specified tight limits on relative beam curvature at an intended interference point. With nominal curvatures at this location of ∼2.35 m, the matching between the outputs of the two fiber couplers was measured to be λ∕33 peak-valley over the central 1 mm of the beams. Results showing pointing stability of 3 μrad/°C over a 50°C range are presented. The vibration, shock, and thermal vacuum environmental testing conditions to which a pair of qualification fiber couplers were subjected-without change in performance-are listed.
INTRODUCTION
The LISA Pathfinder mission [1] is a technology demonstrator for a spaceborne gravitational wave observatory, such as the proposed eLISA [2] [3] [4] . LISA Pathfinder consists of two inertially free test masses, shielded from external forces. The test masses are surrounded by electrode systems that can capacitively sense and electrostatically control their positions and attitudes. Closed-loop control of the spacecraft position with respect to the masses is achieved by ejecting nitrogen from cold gas thrusters to generate micro-Newton forces. The primary goal of the mission is to demonstrate the quality of relative inertial free-fall of the two masses. The critical measurement that probes this behavior is a very-low-noise interferometric readout of the relative displacements of the two masses along a single axis.
The Optical Bench Interferometer (OBI) [5] is the hardware that provides the interferometric sensing of test mass positions and orientations. To achieve the mission goals, the relative positions and angles of the test masses must be monitored to better than 10 pm∕ ffiffiffiffiffiffi Hz p and 20 nrad∕ ffiffiffiffiffiffi Hz p in the 1-30 mHz frequency range. Under the demanding conditions associated with launch and space operation, excellent dimensional stability of the OBI is required, together with drift-free alignment of optical components. For LISA Pathfinder, this is achieved by assembling the ultrastable OBI using hydroxide catalysis bonding of the fused silica optical components to a Zerodur low-expansion baseplate.
The LISA Pathfinder OBI uses a heterodyne readout and thus requires two frequencies of light. These are generated by the output beam from a single laser-a 1064 nm nonplanar ring oscillator-being split and sent through two acousto-optic modulators with drive frequencies ∼kHz apart. The two frequencies of light are delivered from the modulators to the OBI by single-mode, polarization-maintaining optical fibers.
The fiber end has a large numerical aperture, and the emitted light requires collimation to allow the formation of interferometers with path lengths of many tens of centimeters. The mode at the exit of the fiber, distance to the collimating lens, and properties of the lens all define the beam that will be produced. The trade-off for an optical layout such as that for LISA Pathfinder is to have a small beam radius to allow small optical components and hence a compact design, while having a large enough Rayleigh range to allow matching of beam sizes and curvatures for interfering beams that have traveled different distances. The requirement for good matching of the beams at the points of recombination is vital in order to produce the good interferometric contrast necessary for a low-noise readout.
The LISA Pathfinder fiber couplers have requirements on beam quality and collimation, and on alignment accuracy and stability, which must be met and maintained over a range of environmental conditions from manufacture and integration, through testing, launch, and on orbit. A study of commercial-off-the-shelf, modified commercial, and custom-built fiber couplers was undertaken which highlighted the challenges associated with achieving and maintaining beam pointing at the required levels. It was decided to develop a new design of fiber coupler that benefited from the constructional techniques-precision alignment and subsequent joining of components using hydroxide catalysis bonding [6, 7] -used elsewhere in the OBI build [8] .
CONSTRUCTION AND ALIGNMENT PHILOSOPHY
As well as fulfilling demanding requirements on wavefront quality and collimation, the optical beam from the coupler must also meet stringent position and pointing requirements with respect to the substrate to which it is finally attached. The philosophy adopted was to deal separately with these two main design drivers: first, an optical subassembly would be constructed that produced a suitable beam; and second, this subassembly would be aligned and stably attached to the OBI. This strategy lowered overall risk and allowed for selection of fiber couplers based on completed optical characterization of the as-built couplers.
CAD drawings and a photograph of the fiber coupler design are shown in Fig. 1 with a list of the parts as labeled in Fig. 1(a) in Table 1 . These part numbers are referred to throughout this section and are placed in chevrons.
Heraeus Suprasil 1 was used for the majority of the fiber coupler parts due to its low coefficient of thermal expansion, its suitability for shaping and polishing in a variety of geometries, and also its suitability for hydroxide catalysis bonding. EpoTek 301-2 epoxy was used to join parts where the composite structure would need to be worked and polished. Hysol EA9361 epoxy was used for the remaining structural joints not requiring hydroxide catalysis bonding.
The coupler can be considered as three separate optical parts all mounted to a common baseplate: the mounted fiber, the lens assembly, and the polarizer. The construction of these will now be described in turn.
A. Mounted Fiber
The fiber h4i used was a special procurement based on the single-mode polarization-maintaining Fujikura SM98-PS-U40A
fiber. This fiber has a nominal output mode radius of 3.3 0.5 μm but due to the non-Gaussian nature of light emitted from a fiber, measurements of the 1∕e 2 beam intensity values in the far-field closely match those of a virtual Gaussian waist of radius 4 μm, and this value was used during calculations. The fiber was supplied with a protective PEEK sheath h1i. The fiber is free within the sheath and was terminated at one end with a commercial AVIM fiber connector by Diamond SA [9] .
The first stage of the assembly procedure was to mechanically strip back the PEEK and the polyimide coating on the fiber. The underlying glass fiber was then glued using EpoTek 301-2 into a close-fitting quartz ferrule h5i which was in turn glued into the mounting block h6i. The ferrule was used to provide a precise mechanical interface between the fiber and the mounting block, while the mounting block provides a mechanical reference to which the fiber polarization axis was aligned at this stage. The mounting block was a Suprasil cube of side 10 mm with a precision hole drilled to provide good fiber alignment with respect to the cube surfaces. The titanium strain relief part h3i was then glued to the surface of the fused silica block opposite the optical surface and to the protective PEEK sheath. Hysol EA9361 was used for this purpose as it has some compliance when cured which helps to avoid stress concentrations developing in the material due to the difference in coefficients of thermal expansion of the glass and metal.
A rubber boot h2i, supplied by Diamond SA, which had previously been slid over the PEEK tubing, was then located on the titanium strain relief part to limit the bend radius at the fiber immediately before the coupler.
The block with the embedded fiber was then polished at an angle of 8°with respect to the optical axis. This was to prevent Fresnel-reflected light from the fiber interface being transmitted back down the fiber and toward the laser and to provide a flat fiber end to ensure good transmitted beam parameters. The mounted fiber was polished, the transmitted beam tested, and the mounting block hydroxide catalysis bonded to the fiber coupler baseplate h10i.
A commercial aspheric collimating lens made of ECO-550 (LightPath Technologies part number 352110 h7i) was selected following a series of modeling and experimental tests. The nominal lens parameters are listed in Table 2 . The cylindrical-shaped lens body was glued into a fused silica "U-groove" mounting piece h8i. The U-groove had its base surface polished for hydroxide catalysis bonding and was designed to provide good alignment of the lens optic axis to the light transmitted from the mounted fiber end when both were bonded to the baseplate.
The lens assembly was hydroxide catalysis bonded to the baseplate, as shown in Fig. 2 , while controlling the relative spacing of fiber end to lens to ensure that the desired beam parameters were obtained. This was achieved by measuring the transmitted intensity profile at several locations while adjusting the spacing with control at the few micrometer level. The alignment techniques described in [8] were used to achieve this level of position control.
B. Polarizer
The polarization axis of the light transmitted from the fiber coupler is cleaned by the inclusion of a 1000:1 extinction ratio polarizing beam splitter h9i, which was placed after the collimating lens. To reduce power loss to acceptable levels, the slow axis of the fiber was aligned to within 2°of the polarizing beam splitter axis during assembly of the mounted fiber. The beam splitter was glued at an angle of 2°to the beam axis to prevent backreflections propagating through the optical fiber. The polarizing beam splitter was a custom part supplied by CVI Laser Ltd, part number PBS-1064-040-UV. The prisms were made of Corning 7980-1D fused silica and joined using a <15 μm layer of Norland Optical Adhesive 61. The parallelism of input and output surfaces was not highly specified; rather, a batch of components was tested and suitably square components selected.
C. Integration with an Optical System
For LISA Pathfinder, each complete fiber coupler subassembly was then precision-bonded to the Zerodur optical bench. The output beam vector was set during bonding using a calibrated target, as described in [10] .
Before final adoption for the LISA Pathfinder optical bench, a pair of qualification model fiber couplers underwent successful mechanical and optical testing. The assembly processes used for these test models were then used in the manufacture of the flight hardware.
Comprehensive optical testing and beam pointing stability investigations were performed on the flight hardware couplers; these tests are described in Section 3. The environmental testing performed on the qualification couplers and the flight and flight spare couplers is reported in Section 4.
OPTICAL DESIGN AND MEASUREMENTS
The requirements on the fiber couplers for the particular case of LISA Pathfinder were derived from the higher-level interferometry requirements of the optical bench interferometer in which beams from two independent fiber couplers are interfered with a path length difference of ∼360 mm. The relevant parameters for quality of interference attributable to the fiber couplers are polarization mismatch, beam size and wavefront matching, and beam pointing stability. The angular and positional alignment of the two beams is not considered here as it is not a property of the couplers. However, the couplers were designed to allow for precision alignment with respect to an optical assembly, as described in [5] , where the couplers were aligned to provide output beams within 30 μrad of the nominally required beam vectors.
Optical modeling was performed using ZEMAX during the coupler design, starting with a 4 μm beam waist to represent the beam at the exit of a fiber. This beam was propagated through a known distance in free space followed by the lens parameters. This resulted in theoretical 1∕e 2 beam intensity values at distances after the lens. The distance between the fiber end and lens was varied to produce two sufficiently collimated beams that were also well matched in size and curvature at the relevant interference points. A sketch of the waist positions is shown in Fig. 3 . Each beam has a waist, ω 0 , at a distance z 0 from the lens. The fiber end (not shown) to lens spacings have been set to optimize the matching of beam sizes and curvatures, R, after a propagation distance z where the beams will be interfered. The distance z for each beam is different due to different propagation paths around the optical bench.
Nominal distances between the fiber end and lens for the two couplers of 3.40 mm for beam 1 and 3.38 mm for beam 2 were chosen. This modeling was initially verified experimentally by varying the position of a representative lens with respect to a fiber end and then measuring the resultant beam parameters. This gave confidence in the modeling and based on this the qualification and flight pairs of couplers were made. Measured data from the matched flight pair of fiber couplers is shown in Fig. 4 , and the modeled and measured data is presented in Table 3 . Note that the measured ω 0 and z 0 values are those returned from the fitted lines shown in the plot, where Gaussian beam profiles were assumed.
It was not feasible to physically determine the optical path length between the fiber end and the lens surface, so ZEMAX was used to compute the theoretical distance for the measured values of ω 0 and z 0 from the fitted profiles. This was calculated to be 3.413 mm and 3.392 mm, a difference of 21 μm compared to the nominal theoretical 20 μm from the initial modeling.
Similar beam profile measurements were made using the qualification pair of fiber couplers at temperatures from 0 to 40°C in 10°C steps. No change in the beam size greater than the 3% measurement error was seen over the whole temperature range.
A Thorlabs WFS150 Shack-Hartmann camera was used to measure the wavefronts of the beams from the flight couplers. The wavefronts were measured at an intended interference plane-∼50 cm from the lens for beam 1 and ∼15 cm for beam 2-with the results plotted in Fig. 5 . The wavefront curvatures were obtained from the data and used to compare the target and achieved values for the individual couplers and to generate a predicted wavefront mismatch of the combined beams. . Intensity profiles of propagating beams from a pair of fiber couplers. The solid circles are measured data points, and the lines are fitted profiles. The propagation distances are measured from the coupler outputs, and beam 2 data is also replotted with a 360 mm offset. This demonstrates the satisfactory matching of beam radii at the intended interference locations, which all occur between approximately 400 and 700 mm. Inset: "beam 1" 2D intensity profile at 600 mm. The difference between the wavefronts of the two beams, when well aligned and again having traveled the relevant distances, was measured using the spatial phase difference measuring system described in [11] . A custom MATLAB script was used to fit a Gaussian profile to the corresponding intensity data to allow a clip to be centered on the wavefront data, which is plotted in Fig. 6 . From this, the peak-valley value was computed that can be compared with the predicted wavefront mismatch from the Shack-Hartmann sensor data.
The modeled and both types of measured data are shown in Table 3 . The root mean square for the measured wavefront data is also provided.
The beam radii presented have been the values where the intensity falls to 1∕e 2 from the peak, but the methods for measuring wavefront error do not allow for data at this distance from the beam center. The clips applied to the wavefront data presented are at 1 mm diameter for beams with 1∕e 2 intensity of ∼1.6 mm. From [12] we know that an ideal Gaussian beam of radius ω passing through an aperture of radius a has a normalized transmitted power of
Thus, the wavefront error analyses presented are considering 0.79 of the normalized power in the intensity measurements. The predicted wavefront mismatch at the interference plane -of λ∕45-is entirely due to the difference in curvature. Factors such as imperfections in the lens shape, any imperfection in the beam profile from the fiber, and wavefront error from beam-steering optics in the path to the detectors all contribute to distortion of wavefront shape from nominal, leading to the observed value of λ∕33.
Other optical parameters achieved are beam roundness of >95% and throughput of light from the output of a feed fiber to the output of the fiber coupler of >80%. The end result of the matching of the two fiber couplers was that contrast values in excess of 95% were measured when beams 1 and 2 were combined with the design path length difference.
ENVIRONMENTAL TESTING
Prior to the assembly of the LISA Pathfinder fiber couplers destined for flight, a pair of couplers was produced for qualification tests, using the same processes described above. These couplers underwent rigorous environmental testing to ensure the manufacturing processes used for the flight pair would result in devices that would survive launch into space and operate within requirements during the mission. There are many other considerations that are generic to producing spaceflight hardware of this nature, such as fracture control analysis and contamination control, but these are omitted here in order to focus on the novel aspects of the work.
A. Radiation Testing of Component Parts
The transmissive optical components of the couplers, fiber, lens, and polarizing beam splitter were tested to ensure that any darkening due to exposure to radiation in space would not reduce their performance. Sample components were irradiated at the European Space Research and Technology Centre (ESTEC), Netherlands, using a 60 Co γ-source. These consisted of three lenses irradiated to 20 krad, two to 100 krad, and two beam splitters to 20 krad. The fibers were tested to 20 krad before being supplied, with no observable effects.
Fused silica is known to be radiation hard, but the complexity of obtaining the required aspheric figure and surface finish meant that this material was not considered practicable for the lenses at a reasonable cost and production timescale. In contrast, ECO-550 can be molded to form lenses and suitable lenses for this application were available off-the-shelf. ECO-550 is known to be potentially susceptible to radiation damage, so radiation testing was mandatory. The qualification radiation dose for the LISA Pathfinder optical bench was 20 krad, but the lens material underwent a higher radiation dosage testing in an effort to make the design also relevant to other space missions. The polarizing beam splitters were fused silica with dielectric coatings and Norland Optical Adhesive 61 joining the two halves and as such were not expected to be radiation sensitive at this level.
Optical transmission of the lenses and polarizing beam splitters was measured before and after irradiation using two techniques: an absolute power measurement at 1064 nm and using a Perkin Elmer Lambda 900 spectrophotometer. These results Fig. 5 . Wavefront profiles of the two fiber couplers over the central 1 mm diameter measured using a Shack-Hartmann sensor. Beam tip/ tilt has been removed, and the images have been processed using the interpolative shading function in MATLAB. Fig. 6 . Wavefront difference plot of the combined beams from the two couplers measured using the system described in [11] .
were compared to equivalent results from nonirradiated components. No changes were seen in transmission at 1064 nm within a measurement uncertainty of 0.5%, although the 100 krad irradiated lenses showed darkening at shorter wavelengths, as shown in Fig. 7 .
B. Thermal Vacuum Testing
The fiber couplers underwent a thermal cycling test in air of 20 cycles between 15°C and 40°C over a period of three days with no measureable change in the beam parameters.
Once integrated onto the LISA Pathfinder optical bench interferometer, the fiber couplers were thermal vacuum tested, as described in [5] . At this level of integration, the fiber couplers were hydroxide catalysis bonded to the side of a fused silica post that was bonded to a Zerodur substrate. Also bonded to this substrate were beam-steering mirrors and beam splitters. The optical bench was instrumented with quadrant photodiodes centered on the beams such that beam position could be read out. The photodiodes were at different distances along the beams, allowing-in principle-for the effects of beam angular and lateral motion to be disentangled. In practice, however, mechanisms such as thermal propagation times and hysteresis result in a complex system that is difficult to fully model.
The quadrant photodiode mounts are primarily made of grade 2 titanium with a coefficient of thermal expansion (CTE) of 8.6 × 10 −6 ∕°C. The fiber coupler is primarily made of fused silica with a CTE of 0.54 × 10 −6 ∕°C. The beam height above the Zerodur is 12.4 mm, so for a temperature variation of 50°C we can expect a lateral beam movement on the photodiode of ∼5 μm peak-to-peak. This will be in the direction perpendicular to the Zerodur bench (out-of-plane).
Figures 8 and 9 show angular beam pointing data from the two fiber couplers as the temperature is varied. The angle was obtained by assuming all motion at the quadrant photodiode was due to changes in the beam angle, with the distances from the fiber coupler to photodiode being 180 mm for beam 1 and 203 mm for beam 2. The movement of the photodiode due to expansion of the titanium mount with temperature was added to the out-of-plane values. The starting beam angle has not been preserved as this is solely dictated by initial alignment.
The vacuum level when this data was taken was ∼10 Pa and the temperature was varied between −5°C and 45°C. The largest effect was seen out-of-plane and was of order 3 μrad/°C, and the effect in-plane was of order 1 μrad/°C.
Such an angular beam variation was expected due to the relatively large CTE of the lens material of 11.6 × 10 −6 ∕°C, compared to 0.54 × 10 −6 ∕°C for fused silica. This difference results in a temperature-driven deformation of the lens U-groove assembly. A finite element structural model of the lens in the U-groove was constructed to estimate the effect of temperature changes on the system. The result is shown in Fig. 10 . Note that the U-groove is rigidly constrained across the bottom surface and the glue layer is not included in the model so no sliding or separation between the lens and mount is allowed.
In the model, the lens center moves vertically by ∼2.3 μm which would result in an angular beam change of around 6 μrad/°C, which is of a similar magnitude to the observed Fig. 7 . Plot showing relative transmission of both irradiated and nonirradiated collimating lenses as measured by the spectrophotometer. The measurements were made at zero angle of incidence with unpolarized light. Data were taken in nanometer steps and have been averaged over three measurements. Research Article values. The difference between modeled and experimental results is likely to be due to the effects of the unmodeled glue layer between the lens and the U-groove, and this could also account for the small variation seen between individual fiber couplers. The beam motion induced by temperature changes is at a level that would be unmeasurable in most optical systems. Nevertheless, future work will include the development of fiber couplers that are less thermally sensitive for applications with extreme beam pointing stability requirements.
C. Vibration and Shock Testing
The qualification fiber couplers were subject to vibration and shock testing at the SELEX ES facility in Edinburgh, UK. The Zerodur baseplate to which the couplers were hydroxide catalysis bonded was secured to a hollowed-out aluminum interface plate using quartz wax from Logitech Ltd. The interface plate was bolted directly to the vibration table for z orientation testing and to a slip table attached to the vibration table for x and y orientation testing. In these tests, the x-y plane corresponds to "in-plane" and z to "out-of-plane." Table 4 shows the intended test levels.
The sinusoidal and random tests were conducted as per the requirements with a tolerance of 10% on the target acceleration values. The shock levels experienced were within a 6 dB tolerance range apart from above 4 kHz in x and z where it was just below this limit and a slight over-testing below 250 Hz. No change in performance was seen with a measurement uncertainty better than 10 μrad.
The flight and flight-spare pairs of fiber couplers also underwent vibration testing but at acceptance levels. Sine vibration levels were set at 80% of the qualification levels with a sweep rate of four octaves per minute. The acceptance random test levels were -3 dB of qualification and with the duration halved to 60 s. This equated to a total random test load of ∼6.3 g RMS in the x and y axes and 7.86 g RMS in the z axis. The program of environmental testing raised the fiber couplers to technology readiness level (TRL) 8, and the successful launch and operation of LISA Pathfinder will result in TRL 9 status based on ISO standard 16290 "Space SystemsDefinition of the Technology Readiness Levels."
CONCLUSIONS
The design and testing of a spaceflight-qualified fiber coupler with excellent beam quality and beam pointing stability has been presented. Data from an implementation of the design that was used for the LISA Pathfinder optical bench interferometer, where two fiber couplers were used, demonstrates tailoring of beam expansion parameters during design and construction. This allows for optimization of the interference of combined beams from two individual fiber couplers. 
